Tempeistuie-hepenocnt Compensstion Ane Opticsl Ooenching
Fy T henmast Oxyoen bonois In Genmaniiim

i M Witson b7 Matiliew Y Gupiill Vobes 1 Padboan 8,
Timothy N Kvaboh ® and SO Nicholas Raines !

Subumiticd to s, Rev. B8

Ahsiraci

Phototherned domzation speciroscopy of  pormsuiong Goped an e nopaniy-band
condociion snpe with pallionm accepiors and with thenmad oxy pen donors 1eveals e
the domors and accepions componsaic cach other ai tomporatores gl e sbont 5 K
Lot that e hparitios coonist s neutnal dons and seceplors st ower temperaivies. Al
the Jowest temparstuies, opbical guenching is obaorved for wavelengibs where both
Hapantics hene tanstiions These clicets e vsed toanfor aoweat coupling, beiween the
neatral accepton and donon sttes The sall sirenpgihe of this coupling, sets the (ieomm

oay pon donon apand from allt othci Shetlow dhnors e pernamiim and stheon

b bubroduction

Thermest oxygen donors (YODS) hove becn Luown and sivdwed e permaniom for ore thine oy yeins,
hie most respects ey e quite shoil fo ihe well- Luown TODs o stheon These shtlow impontics can
b created incgcnmmnivm crysials into which oxypen hos been ncorprorated intersivtiadly | by aealing, the
taterna) ab lempcratuies of 600750 K and auenching from that teinperature raupe. Hhphor-tempoiatone
processitg can dosiray the donons "That the imponitics are donble dopors i estabhehied by Hall ofici
mensmements Y and decp leved tamsient spechioscopy (0015) ¢ Fasinhancd aborplion specitoscopy
and photothenmed tonization speciioscopy (IPT1S) © show hat the Gouble donors hive helionehle cncrgy
levels and tansions The donors occer goa fumidy . i piven smoples o suporposiion of severad hehone
like spoctis iy seen cach withe g diflerent groond siste bonding. cncrpy i the range 38 meV & 1
nuenber of famaly yacmbois deteciable depondo upon the deiaile of the hiph-tcmperatoie processing. and
upon the thermel hidory ol cryopeme temparatires Thore aic TODs. called bisiable, for which apid
codling 10 Jow (Coparatnies 16 ecessay for obaonvation of their spectia, Very slow cooling o cooling,
vnder ihmuinzion by bandpap radiation indibits these donons opbical and clecineal acivity 2Oy
mctnbers of the TOD Ly Ll fhas proproty.

The Loy of TODL 3¢ poncially thought 1o involve codicrs of oaypen whose vanioss sizes and
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and clection paramagnetic vesonance 21O Lave revealed that the TOD wavelunctions are anisotiopic.
Somce display C, symmctry, with £1103 mirror planes and the two fold axcs along, {100), simil to that
tuferred for sthicon TODs, othars have Oy symnctry. However, the icroscopic stracture of the thermal
oxypen donor it germanium is vnknown, a<is st the case in siheon

We have accently found another interesting, puopcity of the tharmal oxypen donots ine penmainm:
although the donors compense shallow accepiors at bigh (cporatores, they do not do sooat fow
Cryopenic temperatures (5 5 K). A similar ¢ieet has been noted in siticon at Tow imparity densities 1213
but has not attvacted muoch aticntion. In our germanium sanples, doped with TODs and with gathium at a
densily shightly below the mctal-insulator transition, the donors and aceeptors both appcar to be neutral at
low fcimpeiatures, even thouph in the Some matenial some of the gallivm acceplors are compensated by
other residual shallow donor impantics, and even thouph there is appreaable overlap botween the gattinig
Hupuority states and the TOD states, This isvery dilicient fron the Behavior of alt other shaltow fmpanitics
al low mnd high doping, densitics, for which the minonty imparnitly is always completely ionized, as
appropriale Jor the encipy intervad between then ground siztes and the 'ermi level.

1L Eaperiment

Ve will discuss specifically results obtained on tnee samples, for which the  fabrication and
chimaclerization ae deseribed more completely elsewhere MY Bacl smnple is sepresentative of devices
taken from three wafars of Ge:Ga, 0.4 nan thick, with (100) faces and the samme pallivm concentration
For two of the samples, which we denote GO and GO?2, oxypen was present in the atmospheie
suttounding, the crystal during, prowth, 1esulting, in the incorporation of Jarge concentiations (> 101¢ ¢d)
of interstitial oxygen, The other sample, denoted G, has much less oxygen (< 1017 aa®). On one face of
cacle wafer, & 3.7 gan tnek Tayer of intonsic germaninim was grown by chemical vapon deposition, vsing,
ultsa-high-ponty GeCly as the germauimn souree and By, o< the cannct gas, These layers are very pute,
with net acceptor concentrations neiar 1012 cnr®. Before the growih of the intinsic Ge epilayers, the
substiate walers were given a one minute, 900 K chepersion anmcal, and during, prowth were held at a
tempctatuie of 730 K for 15 minutes, aciivating, the theomal oxygen donors in siples GO and GO2, Al
thee samples were shown by spreadingsresistance measureinents to e ptype threughout at 1001
tomperature. The gallio concenbation: was micaswied Lo be 3.0500Y cd by 1oom-temperature
resistivity (belore formation of TODL), (he concentration of shatlow donots besides oxypen was
detenmined 1o be approximately 4 >0 curd by cryopenic capacitance-voltape measuraents . Olnnic
clectrodes were crealed on cach face of the shroctures by boron implantation. Yor the intrimsic-layer face,
the implantation took place tueaph a photolithographic mask, defiming square active arcas of the walcr, a
smalt cnough nuplant Gose was vsed in this siep that the wesoling Aectiode 1s transparent ot far-inlased
vavelengibs, The substrate-face clectrode was coated with thin layers of fongsten and gold. and then
fastened to a leadiess integrated-citcuit chip carrier with conductive cpoxy. Elecirical conncction to the
exposed, imtinsic-layer cdectiode was made with alumioum wites, ultrasonically bonded to the
pormaninn swface

The sole of the intinsic layer is 1o keep the noisy, parasitic conent assotiated with imparnsty bund
conduction in the heavily doped sample from completing, the citeait, thereby tmproving the sipgnal-to-noise
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For photothermal iontzation speetroscopy, the samples were operated inc g pumped iaoid heliom Dewan
18 stabilized above the bath emperature inthe range 1.5 K - 12 K thiongh the use of calibiated silicon
diode tamperature sensors and an active cryopenic temperatwre 1egolator 12 They are cooled from 100m
tanperature to low tempctatues in the dark, in tinses shoti cnough 1o expect the fonmation of bisiable
thermat oxygen donors as well as non-metastable ones Photocutient was waplificd with low noisc,
cryogenic sithicon JET transimpedance amphlicrs, also aesiding, inside the Dowar, Light fiots a vacoum
far-infiared Vouricr-transform spectiameter 20 was focused on the sanples, through a polycthylene Dewan
window and a scries of cryopeme Nilters that 1gect wavelengihs shotiwad of 50 g with alicnoation
factors in the range 10 4 - 10°% in pariicalar, there was no bandgap 1adiation present. The signal spectiom
was divided by that fiom a cryopenic Ge:Ga composite bolometer @ @ 1oom-tempetatuie pyroclectnice
detecion, to remove the mstromental transimission function, and calibrated i tenms of catrent responsivity
(cutrent per unit incident power) by scaling, the spectia to mateh precise measarements of the carrent
responsivity ade using, natrow-band filteis set at A= 88.4 g and 106 gan. The cutient responsivity R
(photocurient per wnit incident power) is propariional 1o the product of the quantuwm cfficiency i and the
averape pholoconductive g O
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whare -e s the chiarge of the clectron, Jiis Planck's constant, and ¢ is the speed of light. The photon flux
wac always low cnouph that the fraction of imparitics photoionized was quite small (< 107)

ML Experimental esulls

Figane 1is a plot of the covrent responsivity as a function of ficquency (3/A) of all thiee samples, at 7'
1.7 K and at a substantially highes temperatuie, At the lowes temperatwee, the spectiam of cach device is
dominated by response from the gatlivm inporily. The two most prominent narrow features are the Ge:Ga
D (08.05 cony and C (74.08 cir?) Nines, which are anadopous to the v s 1-3 and v = 14 transitions of an
idcal hydropenic impurity, and which arc the strongest lines scen in PTIS studies of this imputity in
germanivm 7572 he Ge:Ga pholoionization continoum bepine at £9 et At the higher temperatune in
the oxypen-beaning, detectors GO and GO2, the spectianm of gallivm is abscnl;, insicad, we see a dense
collection of manow featwies in the 100 - 140 cm? frequency tange, and an ionization continuuia al
higher frequencies. Fach of the strong, nanow features corresponds (o o 1e-2p, o1 a 1s-3p, transition of a
helivnmelike thenmal oxygen donor, which are the strongest lines in PIIS and “_r.fc:._::,_ spectia of this
imputity @7 The wavclengihs of TOD lines and coutinvum agree well with those oblained in carlica
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Fignre 1 Conrent-responsivity spectia of the thice samples at low and hiph cryopenic
temperatures. The spectial resolution is 1 can'!) and the veriical axis of cach fiame has
been scaled independently. Larger bias vollages were used in the lower temperature
measurcments (70 mV, peak clectric ficld 100 V ety than at highet temperatures (5
wV, 13V am!). The positions of the hydiopenic trausitions of Ge:Ga 21 are marked
above the low-temperatwie spectia; those of the hehunelike 1s=2p, TOD transitions 8
above the high-temperature ones.

studics & Figure 2 is a high-temperatute spectiam of GO in which the measurcments are compared in
detail with TOD line wavelengths and identifications, Five diffcient TOD spectra - D though 1, iu the
nomenclature of Clauwws and Vennik § - are clearly 1epresented in the measurements by at least one 1s -
2p o1 ds- 3p transition. Several lines are blended with stionger features, and are not seen unambiguously,
Janes of the "later™ 'TODs, for which longer anncaling, is 1equired for formation, appear to e stronget
than those of the “carly” ones; donor 2/, for instance, dominates the spectram of sample GO2, We have
also detected several unassigned features in the 100- 115 em? range that appear in TOD absorption
spectia 7, and two additional nanow features at 117.9 and 1224 cam’! (sce Figure 2). Our high-
temperatme spectra do not show the weaker 1s- 2p lines 1o the 85 100 et ranpe; this is consistent
with the sensitivity of the present mcasuicments and previous PTIS spectia © . All of the response
disappeats tapidly as the tempkratore is raised above 11 K. From the quantom cfliciency in the TOD
ionization continnum at 140 an'? obsarved at 772 7 K, and a photoionization cross scction derived at the
same fiequency and temparature from absorption measurements by Clauws and Vennik 7, we oblain a
valuc of 1.5 1016 ci3 for the total neutral TOD concentration in the active region of sample GO, and §
X101 ced in GO,
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Figure - Curs ent Tesponsivity spectiym of sample GOTat 7' 9.0 K, with ficquencics
indicated as reported by Clauws and Vennik ¥ for TOD transitions assigned to donors
D- 11 and several unassigned transitions (U). The bias voltage is 5 mV (peak clectsic
field 13 cin), and the spectralicsolution is 1 e

A1 intermediate temperatures in the oxygen-beating samples, the spectral features of bothimputitics are
seen, as s illustiated in the S ent sesponsivity spectta of sample GO?2, shown in Figuie 3. The
appeatance of their features in these spectta is a unique attribute of the TODs. ‘Transitions of other
shallow donors, as minoritics, would be visible only if the sample weire illuminated continuously with
bandgap 1adiation. which ncutralizes the compensation: however, in the present case, 110 bandgap
1adiation was present. This shows directly that TODs and galliun coexist as neutrals at low temperatoies,
As temperatute incrcases, the 'TOL ) 1esponse incrcases, and the lo ng-wavel engl b gallivin response
decrcases smoothly. The Ge:Ga photocwiient disappeas at temperatures above 6.0 K.

Ge:Ga samples without oxygen behave quite diftcrently. Included in Figure 1S the cunient-1csponsivity
spectrum of the oxygen-free sample G 1at 7= 7.0 K, the highest temperature at which we could detect the
specttam of this device. All of the ¥e¢Shonse is duc to Ge:Ga, there s no evidence for the TOD spectram.
At this temperature the features of Ge:Ga are undetectably small, and those of the TODs quilt stiong, in
samples GO (see Figure 1) and GO? (Figues land 3).

We made a more detailed comparison of the temperatme vaniation in the 1ange 1 .8 -5.5 K for the current-
responsivity spectrum of GOTand (i], two $8Whles that, apart fiom theiy oxygen content, are similar in
allof theit low-temperature propertics. The results arc illustrated in Figare 4, As tempotaturc increascs
fiom the lowest values, the response of G duge to the long-wavelength Ge:Ga lines increases continuously,
while the Ge:Ga ionization continuum response peaksncar7: 3 K The decicase in jonization-
continuum 1esponse for temperatures above 3 K repiesents tire onset of thermal ionization of the Ge:Ga
centets, In the oxypen-beating sample GOI, the Ge:Ga lines incrcase in stiength less rapidly, and the
ionization continuum begins to decrcase instienpgth at a lower temperatute. Figare 5 contains a plot of the
cutient tesponsivity in the two samples in the Ge:Ga D line (68.05 cmi’l )y and at the Ge:Ga ionization
thicshold (fabeled 1, 89 emh), showing, that the Ge:Ga response in GO1 is weaker at 5.0 K than at 2.0 K,
relative to (il This additional decrease is likely to be duc to the activation of compensation by the thennal
oxypen donots, as we will now demonstiate. The quantum eMciencies of GOTand G1@ ¢ less than 0.2
over the whole range of frequency and temperature explored For ficquencics below the TOD tineshold,
but above the Ge:Ga ionization tlneshold, we can thercfore wi ite
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Figure 3: Current 1esponsivily specttam of GQO2, ovet a range o f temperatures al  a
constant voltage bias of S mV (peak clectric ficld 13 Vo). The vertical scale is the
same for all the frames, and the spectral resolution is 1 cm™,

7 = 4 (iu(’)o i€, (?)

where n(Ga% is the density of neutral gallivm impuritics in the ionized-impurity depletion region, o; is
the photoionization cross section at the frequency of interest, £ is the width of the ionized-impurity
depletion region, and is the transmission of the fiont surface of the sample, which comes outto7: ().6S at
the permaniumrefiactive index, 3.92. A similar expression can be written for the guantum cfliciency at
the fiequency of a Ge:Ga line, with of replaced by the product of a photoexcitation €1 oss section oy, and 8
ficld-assisted thermal ionization probability (7). The depletion-region width ! is determined by the bias
clectric ficld and the density of immobile ionized donors, and is constant in the mcasusements shows in
Figures 4 and 5. The eftective cross sections 0, and o, P(7) arc propertics of single impuritics, and
thercfore vary in the same way with temperature for the two samples. The fionl-surface transmission 7 is,
of course, the same for the two samples, and independent of temperature. Thus the 1atio of the quantum
cfficiencies of the samples, or cquivalently the 1atio of current responsivitics, gives the ratio of #(Ga%). We
have computed this ratio as a function of tempcrature, using, current responsivity measuted at the
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Figure 4. Cut tent tesponsivity spectra for oxygen-bearing sample GO1land oxygen-fice
sample [i]. from ? K to 5 K. The peak clectiic ficld in the samples is constant a 135 V
cnr!, and the spectral resolution is 1emy? The verticat scale is the same for all flames,
with full scale corresponding 1o acutientresponsivity of40 A W/,

frequencics of the Ge:Ga ionization edge anti in the Ge:Ga 1) ling; the results arc plotted in Figure 5,
Relative 1o the oxygen-frw sample G1, the neutral gallivm density in the oxygen-bearing sample GO1
declines by a factor of about two as temperatuie increases from 2 K to 5.5 K, and this may be ascribed to
compensation by the TO!s.

A | the lowesl femperatures, there is a steep decrcase in the curtent responsivity of most heavity TOD-
doped sample, GO1, above approximately 85 cm! ascanbe seen in Figure 1, The decrease corresponds
to the range of frequencies of the TOD transitions, and is not matched by the more. lightly TOD-doped
sample GO2, nor the Oxyf;cll-flee sample G], nor by GOlitself at higher temperaturcs, as shown in
Figuic 4. This cflicet is illustrated more clearly in Figute 6, where we plot the ratio of current responsivity
spectra for the two oxygen-bear ing samples to that of sample (i 1, We interpret this resalt as optical
qeenching, or "negative photoconductivity,” in the spectiom of sample GO1.1n this dm’ice, ncutral
galliun acceptors and ther mal oxygen donors, arc available for photoioniz ation. The ‘] 'ODs can be jonized
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ligure 5. Upper panel: curtent responsivity as a function of temperature for samples
GO1 and G1lat the wavelength of the Ge:Ga photoionization edge (f, 89 cm') and the
Ge:Ga D line (68.04 e, normalized 10 their valucs at 7' :2.0 K. 1 .ower pand: ratio
of ncutral gallium impurity density in GO | and G]. as a function of temperature.

directly for photon cnergics greater ihan 14-18 mcV, or via two step photothermal ionization processcs
{the Poole-¥renkel efiect) for photons that can excite a helium-like transition of a TOD. Since the
concentrations and cross scclions arc compa t able, recombination of the resulting holes and electrons
results in a smaltler photocutrent than would be obtained in the absence of onc impurity or the other, over

the frequency range for which both can be photoionized The effect iS not scen in GO2 because Of its
smaller concentration of TOI )s, Optical quenching is often invoked to explain the “reversal” of
photoresponse features dUC to minority impuritics in P'FIS experiments for which the compensation is
ncutralized by bandgap-light illumination of the sample 1,22 . in the present case, the optical quenching
cot responding to the helium-]ikc TOI) transitions is a collection of broad features covering, the range of
the transitions, asis oflen the case in field-as$isicd transitions. This helps distinguish the effect from a
photothermal ionization process, such as that giving, rise to the TOl ) lines at higher temperatures, Of
simply from photoexcitation of ‘1 1)]) levels followed by phonon emission; boin Of these mechanisms give
risc to sharp lines,

V. Discussion

i is almostaxiomatic that a shallow minority impurity in germanium 1S completely ionized at Jow
temperatures, The capture of such bound car t iers by majority impurity conters ptoceeds through altowed
transilions, usually involving mid-gap states Of other impuritics, and iS expected and observed to be quite
rapid and cficctive. However, i nour samples (lic thersal - oxygen donors remain neutral even for
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Figure 6: Ratio Of current responsivity spectra from Figure 1, compared to the positions
of thels - 2pg. IS- 2/1, , 1s-3p,, andunassigned transitions of the thermal oxygen
donot S #

temperatures such that though their ground states lic above the Fermilevel by energies that greatly exceed
k7. This is especially surprising if one considers the laige doping densities involved for gallium rind TOD
impuritics: donor and acceptor wavefunctions have substantial overlap among themselves and with each
other. It would appear that the transitions resulting in capture by shallow acceptors arc peculiatly weak,
perhaps cven forbidden, for clectrons bound to thermal oxygen donors, a fact that is potentially of
importance in the understanding, of the structure of T0Ds. 1 N this picture the observed thermally activated
compensation would take place as follows: the 1'01)s and gallium impuritics arc both ionized by phonons,
producing clectrons and holes that thermalize in the conduction and valance bands, recombine in the
usual fashion, with the outcome that electrons arc. transferred from the donors to the acceptots.

At temperatures low cnough to reduce substantially the mobility of carricrs in the valence or conduction
bands, it may bc expected in the present oxypen-bearing devices that recombination of free holes and
clectrons would become especialy efficient. At fiequencies for which excitation of both gallium aceeptors
and thermal oxygen donors is possible, this recombination would be characterized by optical quenching:
reduction of the photocurrent compared to lower- frequencics, or compared to the same frequencics at
somewhat higher temperatures, This effect, which is evident in the spectrum of device GO1(Figures 1
and 6), would bc an additiond conscquence of the lack of strong, coupling between neutral ‘1’01 ) states and
neutral gallium-impurity states.
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